Structural basis of ion permeation gating in Slo2.1 channels 
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The activation gate of ion channels controls the transmembrane flux of permeant ions. In voltage-gated chan- 
nels, the aperture formed by the S6 bundle crossing can widen to open or narrow to close the ion permeation 
pathway, whereas the selectivity filter gates ion flux in cyclic-nucleotide gated (CNG) and Slol channels. Here we 
explore the structural basis of the activation gate for Slo2.1, a weakly voltage-dependent channel that is activated 
by intracellular Na^ and Cl~. Slo2.1 channels were heterologously expressed in Xenopus laevis oocytes and activated 
by elevated [NaClJi or extracellular application of niflumic acid. In contrast to other voltage-gated channels, Slo2.1 
was blocked by verapamil in an activation-independent manner, implying that the S6 bundle crossing does not gate 
the access of verapamil to its central cavity binding site. The structural basis of Slo2.1 activation was probed by Ala 
scanning mutagenesis of the S6 segment and by mutation of selected residues in the pore helix and S5 segment. 
Mutation to Ala of three S6 residues caused reduced trafficking of channels to the cell surface and partial (K256A, 
I263A, Q273A) or complete loss (E275A) of channel function. P271ASlo2.1 channels trafficked normally, but were 
nonfunctional. Further mutagenesis and intragenic rescue by second site mutations suggest that Pro271 and 
Glu275 maintain the inner pore in an open configuration by preventing formation of a tight S6 bundle crossing. 
Mutation of several residues in S6 and S5 predicted by homology modeling to contact residues in the pore helix 
induced a gain of channel function. Substitution of the pore helix residue Phe240 with polar residues induced 
constitutive channel activation. Together these findings suggest that (1) the selectivity filter and not the bundle 
crossing gates ion permeation and (2) dynamic coupling between the pore helix and the S5 and S6 segments medi- 
ates Slo2.1 channel activation. 



INTRODUCTION 

Large conductance, K*-selective channels activated by 
intracellular Na* (K^a channels) are expressed in neu- 
rons (Bader et al., 1985; Haimann and Bader, 1989; 
Haimann et al., 1990, 1992; Egan et al., 1992; Dryer, 
1994; Zhainazarov and Ache, 1997) and cardiac myo- 
cytes (Kameyama et al., 1984; Rodrigo and Chapman, 
1990; Sanguinetti, 1990). K^j, channels recorded from 
excised inside-out patches are activated by elevated 
[Na*] i with an EC50 that varies from 35 to 80 mM de- 
pending on experimental conditions (Kameyama et al., 
1984; Yan et al., 2012) . Thus, K^a channels are expected 
to be predominantly in a closed state under normal 
physiological conditions ([Na*]; = 5-10 mM) unless ac- 
tivated by a persistent inward sodium current (Budelli 
et al., 2009; Hage and Salkoff, 2012) or when [Na^]; is 
transiently elevated during bursts of neuronal activity 
(Wendt-GaUitelli et al., 1993). In the heart, elevated 
[Na^li during severe ischemia results in activation of 
cardiac Kn;, channels that shortens action potential du- 
ration (Kameyama etal., 1984; Sanguinetti, 1990; Wang 
et al., 1991) and prevents Ca^^ overload. In this manner, 
Knj channels could serve a protective role in the heart 
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similar to that proposed for ATP depletion-sensitive K* 
(Katp) channels. Indirect evidence suggests that Slo2 
channels may also be expressed in the mitochondria 
and have a cytoprotective role (Wojtovich et al., 2011). 

Two genes are known to encode K^a channels. Both 
Slick ("sequence like an intermediate conductance K^" 
channel) and Slack ("sequence like a calcium-activated 
K*" channel; Bhattacharjee et al., 2003; Yuan et al., 
2003) are most closely related to Slol (Adelman et al., 
1992), the large conductance Ca^^-activated K^ (BK) 
channel gene. Because of their homology to Slol, Slick 
and Slack were subsequently given the names Slo2.1 and 
Slo2.2, respectively. Heterologous expression of Slo2.1 
revealed that in addition to intracellular Na*, these 
channels are also activated by intracellular CP and 
NAD* (Tamsett et al., 2009), and inhibited by intracel- 
lular ATP (Bhattacharjee et al., 2003). Independent of 
changes in [Ca"*]i or [Na*]i, both Slol (Ottolia and Toro, 
1994) and Slo2.1 channels (Dai et al., 2010; Garg and 
Sanguinetti, 2012) can be activated by high concentra- 
tions of fenamates such as niflumic acid (NFA) and fluf- 
enamic acid. 
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For most voltage-gated (Kv) channels, the activa- 
tion gate is formed by the criss-crossing of the intracel- 
lular ends of the four S6 segments, the so-called "bundle 
crossing" (Doyle et al., 1998). When the membrane is 
depolarized, the primary voltage sensors (S4 segments) 
of a Kv channel are outwardly displaced, and this move- 
ment is coupled to channel opening, a widening of the 
aperture formed by the S6 bundle crossing. In cyclic- 
nucleotide gated (CNG) channels, the aperture formed 
by the S6 bundle crossing also widens in response to 
cAMP or cyclic guanosine monophosphate (cGMP) in- 
teraction with the cytoplasmic cyclic nucleotide bind- 
ing domain (CNBD; Flynn and Zagotta, 2001; Craven 
et al., 2008). However, pore block by intracellular Ag* 
(Flynn and Zagotta, 2001) or quaternary ammonium 
compounds (Contreras and Holmgren, 2006) is not de- 
pendent on the state of the channel, which suggests 
that the intracellular ends of the S6 segments do not 
form a bundle crossing to gate ion permeation. Instead, 
studies using substituted cysteine accessibility method 
(SCAM) indicate that a conformational change in the 
selectivity filter is associated with activation of ion per- 
meation in CNG channels (Sun et al., 1996; Becchetti and 
Roncaglia, 2000; Liu and Siegelbaum, 2000; Contreras 
and Holmgren, 2006; Contreras et al., 2008). Together 
these findings imply that cyclic nucleotide binding to 
the CNBD is allosterically coupled via the S6 segments 
to a conformational change in the selectivity filter that 
opens the channel. Wilkens and Aldrich (2006) spec- 
ulated that the selectivity filter also gates permeation 
in Slol channels because intracellular application of 
a quaternary ammonium compound (bbTBA) blocked 
both the open and closed state, which indicates that its 
access to the central cavity of the channel pore was not 
prevented by the bundle crossing. A SCAM approach 
was also used to conclude that the bundle crossing does 
not gate conductance in Slol channels (Zhou et al., 
2011), or the small conductance calcium-gated potas- 
sium channels Kca2.2 (Bruening-Wright et al., 2007) and 
Kca3.i (Klein et al., 2007). More recently, Chen and 
Aldrich (2011) postulated that subtle movements of the 
S6 segments are associated with Slol channel gating. 
They mutated the S6 residue Met314 to His, titrated its 
protonation state by varying pH (or mutated Met314 to 
a charged residue), and found that the open state of 
Slol was stabilized when the side chain of residue 314 
was charged and presumably faced toward the pore. 
Based on these findings, Chen and Aldrich (2011) con- 
cluded that the S6 segments undergo a rearrangement 
during channel activation and deactivation, and that 
this structural change is manifested as a change in the 
extent to which residue 314 is exposed to the water- 
filled central cavity. 

Here we use two experimental approaches to show 
that the main features of Slo2.1 channel gating resemble 
that previously described for CNG and Slol channels. 



First, we demonstrate that inhibition of Slo2.1 by vera- 
pamil and its quaternary derivative D890 is not open- 
channel dependent, implying that the S6 bundle crossing 
does not restrict drug access to the central pore. Sec- 
ond, scanning mutagenesis of the S6 segment and di- 
rected mutagenesis of the S5 segment and pore helix 
identified several residues critical for normal channel 
gating. Together our findings indicate that the selec- 
tivity filter, not the S6 bundle crossing, serves as the pri- 
mary activation gate that controls ion permeation in 
Slo2.1 channels. 

MATERIALS AND METHODS 

Molecular biology 

Human Slo2. 1 {KCNT2; NCBI Genbank accession no. NM_198503) 
cDNA in pTRACER plasmid (provided by L. Kaczmarek, Yale Uni- 
versity, New Haven, CT) was isolated by EcoRV and Spel digestion 
and subcloned into the psGEM oocyte expression vector. The Quik- 
Change site-directed mutagenesis kit (Agilent Technologies) was 
used to introduce mutations into WT Slo2.1 cDNA. Purified mu- 
tant cDNAs were sequenced by the University of Utah sequencing 
core facility. Plasmids were linearized with Sfil, and cRNA was pre- 
pared using the mMessage mMachine T7 kit (Ambion) . Concen- 
trations of cRNA were measured by using the RiboGreen RNA 
quantitation kit (Invitrogen). 

Oocyte isolation and cRNA injection 

Methods for anesthetizing adult female Xenopus laevis (immersion 
in 0.2% tricaine methanesulfonate solution) and surgical removal 
of ovarian lobes were approved by the University of Utah Institu- 
tional Animal Care and Use Committee. To isolate individual oo- 
cytes free of follicle cells, dispersed ovarian lobes were placed into 
a Ca^*-free saline solution containing 2 mg/ ml each of type I and II 
coUagenase (Worthington Biochemical Corporation) and gen- 
tly shaken for 1-1.5 h. The Ca^*-free saline solution contained 
(in mM) : 96 NaCl, 2 KCl, I MgClj, and 5 HEPES; pH was adjusted 
to 7.6 with NaOH. Stage IV and V oocytes were injected with a 
variable amount (0.2-10 ng, indicated in the figure legends) of 
WT or mutant Slo2.1 cRNA, then incubated at 18°C for 1-7 d in 
Earth's saline solution that contained (in mM): 88 NaCl, 1 KCl, 
0.41 CaClj, 0.3.S Ca(N03)2, 1 MgS04, 2.4 NaHCOs, 10 HEPES, 
and I pyruvate plus gentamycin (50 mg/L); pH was adjusted to 
7.4 with NaOH. 

Two-electrode voltage-clamp protocols and data analysis 

Ionic currents were recorded at room temperature (22-24°C) using 
standard two-microelectrode voltage-clamp techniques (Goldin, 
1991; Stiihmer, 1992). Oocytes were placed in a 0.3-ml oocyte 
chamber (RC-IZ; Warner Instruments) and superfused at a rate 
of ~2 ml/min with KCM21I solution that contained (in mM): 
98 NaCl, 2 KCl, 1 CaClj, 1 MgCk, and 5 mM HEPES; pH adjusted 
to 7.6 with NaOH. In some experiments, this solution was modi- 
fied to make K104 solution by increasing [KCl] to 104 mM and 
omitting NaCl. To reduce leakage of KCl from recording micro- 
pipettes into the oocytes, 1 % agarose-cushion microelectrodes were 
fabricated as described previously (Schreibmayer et al., 1994). 
The tip resistances of agarose cushion microelectrodes ranged 
from 0.2-0.9 Mft after back-filling with 3 M KCl. A GeneClamp 
500 amplifier, Digidata 1322A data acquisition system, and pCLAMP 
8.2 or 9.0 software (Molecular Devices) were used to produce 
command voltage steps and to record digitized current and volt- 
age signals. 
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In most experiments, Slo2.1 current (/sio2.i) was activated with 
NFA (Sigma-Aldrich). NFA was prepared as a 1-M stock solution 
in dimethyl sulfoxide and stored at — 20°C. The effect of NFA on 
uninjected cells was routinely determined for each batch of iso- 
lated oocytes. At concentrations up to 1 mM, NFA slightly re- 
duced the magnitude of the small endogenous currents present 
in uninjected oocytes. However, at high concentration (>6 mM), 
NFA enhanced endogenous currents; e.g., from '^0.2-0.. 5 \iA to 
1-3 pA at +80 mV. To record /sio2.i> voltage pulses were usually 
applied from a holding potential (Vh) of — 80 mV to a test poten- 
tial (Vt) that was varied in 20-mV increments from +80 to — 140 mV. 
Unless specified otherwise, the interpulse interval was 10 s. In 
some experiments, Slo2.1 channels were activated by increasing 
[NaCl]i by filling the recording micropipettes with a 2.4 M NaCl 
solution. In the absence of an agarose plug, these electrodes had 
a resistance of 0..S-0.8 MO, and leakage of NaCl out of the pipette 
and into the oocyte quickly activated /sio2.i, reaching a peak effect 
in 5-7 min. This method of activating Slo2.1 channels proved use- 
ful as a secondary assay for functional expression of mutant chan- 
nels, but has several obvious limitations, including uncertainty 
regarding [NaCl]i achieved and presumed preferential activation 
of channels located in the region of plasma membrane nearest to 
the electrode tips. 

The conductance-voltage relationship for oocytes bathed in 
K104 solution was determined by plotting /sioz.i/ (Vt — E„v) as a 
function of Vj. The normalized conductance (G/G^^) was plot- 
ted as a function of Vt and fitted to a Boltzmann function (see the 
following equation), where z is the effective valence, F is Faraday's 
constant, R is the gas constant, T is room temperature in Kelvin, 
and Vo.3 is the potential at which /sioz.i is half-activated: G/ G^^ = 
l/II + exp[-zF/RT(V, - V„.5)]l. 

To determine the cumulative [NFA] -response relationship, 
k\o2A was elicited with repetitive test pulses to 0 mV until the cur- 
rent (i) reached a steady-state level at each concentration of NFA. 
V 4iax was plotted as a function of [NFA] and the data were fitted 
with the logistic equation (see the following equation), where /c-rei 
represents constitutive /sio2.i in the absence of NFA expressed as a 
fraction of maximally activated current, EC50 is the [NFA] that 
produced a half-maximal effect, and Uh is the Hill coefficient: 

I/In.^='^ + (4rel " 1) / ([NFA] / EC^o )"". 

The block of Slo2.1 channels by verapamil was determined by 
comparing /sio2.i activated by 1 mM NFA applied before and after 
incubation of an oocyte with verapamil. The increase in /sio2.i by 
NFA was monitored during repetitive pulsing to 0 mV from a 
holding potential of —90 mV. As soon as peak activation was 
achieved, NFA was washed out of the oocyte recording chamber 
until /sio2.i was again undetectable. Verapamil was then added to 
the chamber for 10 min while the oocyte was clamped at a Vh of 
—90 mV without pulsing. After this equilibration period, the per- 
fusate was switched to a solution containing verapamil plus 1 mM 
NFA as pulsing to 0 mV was resumed. The procedure was repeated 
once more with a higher concentration of verapamil. Currents were 
normalized to NFA-activated /sio2.i under control conditions, and 
the mean data were fitted with the logistic equation to determine 
the IC50 for verapamil. 

Macropatch recordings 

The excised inside-out (I/O) configuration of the patch clamp 
technique (Hamill et al., 1981) was used to record /sio2 1 in macro- 
patches of plasma membrane pulled from oocytes. The vitelline 
membrane from each oocyte was manually removed after treat- 
ment with hypertonic solution (300 mM sucrose) for 2-6 min. 
Patch pipettes were fabricated from 1 mm OD borosilicate glass 
capillaries (catalog No. BFl.50-86-15; World Precision Instruments) 
using a Sutter Instruments P-97 puller (Novato). After pulling, 
pipette tips were heat polished and had a resistance of 1-3 MO 
when filled with a pipette (extracellular) solution that contained 



(in mM): 98 NaCl, 2 KCl, I CaCl2, I MgCh, and 10 HEPES; pH was 
adjusted to 7.2 with NaOH. NFA (2 mM) was also added to the 
pipette solution to activate Slo2.1. The bath (intracellular) solu- 
tion contained (in mM): 98 KCl, 2 NaCl, 2 EGTA, 2 MgCl2, and 
10 HEPES; pH was adjusted to 7.2 with KOH. Recordings were 
made at room temperature (22-24°C) 4-7 d after oocytes were 
injected with 10-16 ng of cRNA. During preliminary studies, we 
observed a rapid time-dependent reduction ("run-down") of macro- 
scopic /sio2.i in excised patches that was preventable by application 
of 10 pM phosphatidylinositol 4,5-bisphosphate diC8 (PI(4,5)P2 
diC8) to the bath (cytosolic) solution. A feedback patch clamp 
amplifier (Axopatch 200B amplifier), a data acquisition system 
(Digidata 1322A), and pCLAMP 9.0 software (all from Molecular 
Devices) were used to produce command voltage steps and to re- 
cord currents digitized at 5 kHz after on-line filtering at 1 kHz 
with an eight-pole low-pass Bessel filter Macropatch currents were 
evoked during voltage ramps. From a Vi, of —80 mV, a 160 ms 
prepulse to +80 mV was followed by a 1-s voltage ramp from +80 
to — 140 mV. The protocol was repeated every 5 s to monitor time- 
dependent changes and the effect of exposure to 100 pM vera- 
pamil or D890. 

Data analysis 

pCLAMP 9 software (Molecular Devices) was used to analyze digi- 
tized data. Origin 8.5 (OriginLab) was used for curve fitting and 
to prepare figures. All data are expressed as mean ± SEM (n = 
number of oocytes), and statistical significance was evaluated by a 
Student's t test where appropriate (P < 0.05 was considered a sta- 
tistically significant difference) . 

Biotinylation and Western blot analysis 

Biotinylation of oocytes was performed using a method similar 
to that described previously (Garg et al., 2012). Oocytes (80-90) 
were individually injected with WT hSlo2.1 cRNA (1 or 10 ng) or 
10 ng of mutant hSlo2.1 cRNA and incubated in Barth's saline 
solution at I8°C. For these experiments, hSlo2.I contained a 
C-terminal FLAG epitope tag. 3 d after injection, cells were first 
washed with ice-cold Ca^*-free ND96 solution before cell surface 
proteins were labeled by incubation with Sulfo-NHS-SS-Biotin 
(I mg/ml in KCM211) at 4°C. The biotinylation reaction was 
stopped after 1 h by the addition of quenching solution. Oocytes 
were then washed twice with KCM2 11 and Tris-buffered saline 
and lysed by I5-min incubation on ice with 500 pi of lysis buffer 
plus protease inhibitor. The buffer volume was increased up to 
1 ml after homogenization and incubated for 15 min on ice, and 
the lysate was then centrifuged at 10,000 g for 10 min at 4°C. 
To isolate the cell surface proteins, clear supernatant was dia- 
lyzed against Avidin neutralized on beads (Thermo Fisher Sci- 
entific) for 2 h at 4°C. Thereafter, the beads were collected by 
centrifugation at 3,000 g for 2 min and washed four times with 
lysis bviffer. After the final wash, the bound protein was eluted 
by incubating the beads with SDS-PAGE sample buffer contain- 
ing 50 mM DTT at 60°C for 20 min. Protein samples from both 
the biotinylated membrane and cytosolic fractions were sepa- 
rated by SDS-PAGE electrophoresis and analyzed by a Western 
blotting technique using 1:2,000 dilution of mouse anti-FLAG 
primary antibody (Takara Bio Inc.) and a 1:7,500 dilution of horse- 
radish peroxidase-conjugated goat anti-mouse secondary anti- 
body. Samples were also analyzed for Na*/K* ATPase (plasma 
membrane marker) with a 1:2,000 dilution of mouse primary 
antibody (Abeam) and a 1:5,000 dilution of anti-mouse sec- 
ondary antibody. Glyceraldehyde 3-phosphate dehydrogenase 
(GAPDH; cytosohc marker) was detected with a 1:10,000 dilu- 
tion of mouse primary antibody (Abeam) and a 1:5,000 dilu- 
tion of goat anti-mouse antibody. All secondary antibodies were 
purchased from Jackson ImmunoResearch Laboratories, Inc. 
Densitometric analysis of Western blots developed for 15 min 
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was performed using ImageJ analysis software, and intensities of 
FLAG-tagged Slo2.1 protein bands were normalized to Na*/K* 
ATPase protein bands. 

Chemicals 

D890 was purchased from Abeam. PI(4,5)P2 diC8 was purchased 
from Echelon Biosciences Inc. All other drugs and chemicals 
were purchased from Sigma-Aldrich. PI(4,.5)P2 diC8 was stored as 
1.50 pM stock in bath solution at — 80°C in glass vials. Final drug 
solutions were prepared immediately before use by dilution of 
stock solutions stored at — 20°C. 

Molecular modeling 

A homology model of the pore region (S5-PH-S6) of Slo2.1 
based on the x-ray crystal structure of the open state MthK 
bacterial channel (PDB accession no. ILNQ) was prepared 
using YASARA, version 13.6 (Krieger et al., 2002). Energy mini- 
mization was performed using the YASARA force field (Krieger 
etal.,2009). 

RESULTS 

State-independent pore block of Slo2.1 channels 
by verapamil and D890 

The phenylalkylamine verapamil is known as a potent 
open channel blocker of voltage-gated Ca^* channels 
(Lee and Tsien, 1983), but at higher concentrations it 
also blocks the open state of delayed rectifier chan- 
nels (DeCoursey, 1995; Catacuzzeno etal., 1999; Zhang 
et al., 1999) and large conductance Ca^^-activated 
(BK) channels (Harper etal., 2001). Verapamil isaweak 
base (pKa '^9) and is thus largely protonated at physi- 
ological pH. Only the neutral form of the drug diffuses 
across the cell membrane into the cytoplasm where at 
steady-state it also exists mainly in a protonated state. 
Presumably, when channels are in their closed state, 
the narrow aperture formed by the S6 bundle crossing 
prevents protonated verapamil from gaining access to 
its binding site in the central cavity; when the channel 
is opened, the aperture is wide enough for these large 
drugs to enter the central pore and physically block the 
transmembrane flux of permeant ions. Furthermore, a 
permanently charged analogue of verapamil, D890, only 
blocks channels when applied to the cytoplasmic side 
of inside-out macropatches (DeCoursey, 1995; Kurokawa 
et al., 1997; Catacuzzeno et al., 1999; Harper et al., 2001) . 
As verapamil and D890 have proved useful compounds 
to probe the state-dependent status of the S6 bundle 
crossing (open or closed) of diverse channel types, we 
characterized the effects of these drugs on Slo2.1. 

^sio2.i was not activated by depolarizing pulses in oo- 
cytes injected with <1 ng of WT Slo2.1 cRNA. However, 
when oocytes were superfused with KCM211 solution 
containing NFA, /sios.i was activated immediately and 
increased in magnitude during repetitive pulsing until 
a peak response was obtained in ^3 min (Fig. 1 A, i) . 
For these experiments, 6 mM NFA was used to maxi- 
mally activate WT Slo2.1 (Dai et al., 2010). When /si„2.i 



reached a steady-state level, the perfusate was switched 
back to control solution to wash out NFA. Outward cur- 
rent gradually diminished as channels returned to a 
nonactivated closed state. Pulsing was then halted for 
10 min as KCM211 solution containing 100 pM vera- 
pamil was perfused into the bath. Preliminary experi- 
ments determined that 10 min was sufficient time for 
channel block to reach a steady-state level. Pulsing to 
0 mV was resumed as the oocyte was superfused with a 
solution containing 6 mM NFA plus 100 \\M verapamil. 
The peak /sios.i activated by this second application of 
NFA was decreased by >90% (Figs. 1 A, ii; and Fig. 1 B) . 
The same experimental protocol was repeated in an- 
other oocyte using A^methyl verapamil (D890) , a per- 
manently charged, membrane impermeant analogue of 
verapamil. Unlike verapamil, extracellular application 
of 100 yiM D890 for 10 min did not reduce the magni- 
tude of /sio2.i during the second application of NFA (Fig. 
1, C and D). Thus, D890 did not block Slo2.1 channels 
when applied to the extracellular solution. The experi- 
ments with verapamil or D890 were repeated in several 
oocytes and the mean results are presented in Fig. 1 E. 
To test for sidedness of block by the phenylalkylamines, 
currents were recorded from excised inside-out macro- 
patches as voltage ramps from +80 to —140 mV were re- 
petitively applied in the absence and presence of 100 pM 
verapamil (Fig. 1 F) or D890 (Fig. 1 G) in the bath solu- 
tion. Both compounds caused nearly complete block of 
^sio2.i in <1 min. Together these findings indicate that 
similar to Ca^^ and Kv channels, phenylalkylamines block 
Slo2.1 channels from the cytoplasmic side of the cell 
membrane, but contrary to these voltage-gated channels, 
verapamil blocked Slo2. 1 channels that were in a non- 
conducting state. 

State-dependence of verapamil block was also aissessed 
with constitutively active E2'75D Slo2. 1 channels. As de- 
scribed in more detail later (see Fig. 7), E275D mutant 
channels exhibit constitutive activity; i.e., /sio2.i was de- 
tectable in the absence of NFA or elevated [Na*]i. For 
these experiments, block of E275D /sio2.i by 100 pM vera- 
pamil was cissayed using two different pulse train proto- 
cols. For both protocols, the Vh was —120 mV and test 
pulses were applied to +60 mV. For protocol 1, pulse 
duration was 3 s and pulses were applied once every 
5 s. For protocol 2, pulse duration was 0.3 s and pulses 
were applied once every 30 s. The relative conductance 
(G/G„,ax) of E275D Slo2.1 varies from 0.15 at -120 mV 
to 0.42 at +60 mV. Thus, the relative open probability of 
channels during protocol 1 would be about twice as long 
cis for protocol 2. For example, with protocol 1, chan- 
nels are estimated to be open 31% of the time during 
the first 30 s of the pulse train (6 pulses x [2.0 s x 0.15 + 
3.0 s X 0.42] = 9.36 s; 9.36 s/30 s = 0.31). For protocol 2, 
channels are estimated to be in an open state 15% of the 
time during the first 30 s (1 pulse x (29.7 s x 0.15 + 0.3 s 
xO.42) =4.58 s; 4.58 s/30 s = 0.15). As shown in Fig. 1 H, 
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the onset rate for reduction of current was the same for 
both pulse protocols. These findings indicate that block 
of E275D Slo2.1 current by verapamil is independent of 
channel state. A diagram summarizing experiments with 
verapamil and D890 is shown in Fig. 1 I. 

We next determined if the molecular determinants 
of verapamil block of /sios.i were consistent with binding 
to the central cavity of Slo2.1 channels. Open channel 
blockers of voltage-gated Ca'* channels (Hockerman 
et al., 1995, 1997) and Kv channels (Mitcheson et al., 



2000; Decher et al., 2004) bind to specific residues that 
are located in the S6 segment and base of the pore helix 
that face toward the central cavity. Therefore, we indi- 
vidually mutated residues in Slo2.1 located near the 
intersection of the pore helix and selectivity filter (Ser 
241 and Thr242), and Cys264 to Leu277 in the S6 seg- 
ment (underlined residues in Fig. 2 A) to determine if 
mutant channels had an altered sensitivity to verapamil. 
As discussed under the next heading, three of the S6 
mutant channels did not express (P271A, Q273A, and 




Figure 1. State-independent block of Slo2.1 channels by verapamil and D890. (A) Activation of /sioz.i during repetitive pulsing to 
0 mV (0.3-s duration, 10-s interpulse interval) by 6 mM NFA under control conditions (i), and after a 10-min equilibration with 100 pM 
verapamil (ii). (B) Time course of /sioz.i in a single oocyte during activation with 6 mM NFA, washout of NFA, incubation with 100 pM 
verapamil for 10 min, and reapplication of 6 mM NFA in the continued presence of verapamil. The oocyte was clamped at —90 mV and 
pulsed to 0 mV every 10 s except during the 10-min incubation with verapamil. The notations "f and "zz" correspond to the currents 
shown in A. (C and D) External application of 100 pM D890 does not block /sioz.i- Protocol and notations are the same as noted for A 
and B. (E) Plot of normalized and mean peak /sioz.i induced by 6 mM NFA alone and by 6 mM NFA in the presence of 100 pM verapamil 
(n = 6; *, P < 0.0001) or D890 (re = 8) after a 10-min pulse-free equilibration period. Error bars indicate mean ± SEM. (F and G) Mean 
currents ( 1 8-25 consecutive sweeps) recorded from inside-out excised macropatches during voltage ramps from +80 to — 1 40 mV. Cur- 
rents were recorded in the absence (control) and presence of 100 pM verapamil (F) or 100 pM D890 (G). Arrows indicate 0 current 
level. (H) Time course of E27.5D /sio2.i block by 100 pM verapamil, added to the extracellular solution, measured in response to a train 
of test pulses applied to +60 mV. Two pulse train protocols are compared. One protocol used 3-s pulses that were applied once every 5 s 
(open circle, n = 6). The other protocol used 0.3 s pulses that were applied once every 30 s (red circle, « = 6). Currents were normal- 
ized to /sio2.i measured before drug treatment, and each oocyte was subjected to only one pvilse train. Error bars indicate mean ± SEM. 
(I) Diagram illustrating proposed mechanism of Slo2.1 channel block by verapamil and its quaternary amine derivative D890. Vera- 
pamil, but not D890, can cross the cell membrane into the cytoplasm. When applied to the bathing solution of inside/ out patches, both 
compounds can block channels in a state-independent manner, which suggests that the S6 segments do not form a physical barrier to 
drug entry into the central cavity. 
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E2'75A) . The effects of verapamil on /sio2.i recorded from 
WT and the 13 mutant channels that were expressed 
were evaluated at 15 pM, a concentration that caused 
an '^50% block of current. The point mutations S241T 
(but not S241A) and F274A (and F274T) reduced chan- 
nel sensitivity to verapamil, whereas V268A channels 
were more sensitive to the drug (Fig. 2 B) . A homology 
model of the Slo2.1 channel pore baised on the MthK 
open channel structure predicts that the side chains of 
Phe274 and Ser241 face toward, whereas Val268 faces 
away, from the central cavity (Fig. 2 C). The concen- 
tration dependence of verapamil block was determined 
for WT, V268A, and F274T Slo2.1 channels activated by 
1 mM NFA (Fig. 2, D and E) . The IC50 was 14.5 ± 0.6 pM 
for WT SI02.I channels and 4.6 ± 2.3 pM for V268A 
channels. It is unclear why V268A channels exhibited 
greater sensitivity to verapamil, but one possibility is that 
the mutation enhances interaction between the drug and 
Phe274 residues located two helical turns away in each S6 
segment. Unlike WT channels, F274T channels exhib- 
ited substantial constitutive activity, allowing us to deter- 
mine verapamil sensitivity of these mutant channels with 
or without prior activation by NFA. Verapamil block of 



constitutively active F274T channels (IC50 = 53.0 ± 2.4 pM) 
was the same as that determined for NFA-activated F274T 
channels (IC50 = 58.7 ± 9.4 pM). These findings suggest 
that interactions with one or more Phe274 and Ser241 
residues, which modeling suggests face toward the inner 
pore, are important molecular determinants of verapamil 
block of Slo2.1 channels. 

In summary, D890 blocked Slo2.1 only when applied 
to the cytoplasmic side of the membrane, and verapamil 
produced nearly complete block when applied to non- 
activated (closed) WT channels and blocked E275D 
channels independent of channel open time. Verapamil 
interacts with residues that are predicted to face toward 
the central cavity of the Slo2.1 channel. Together, these 
findings indicate that the S6 bundle crossing does not 
restrict access of large phenylalkylamines to the inner 
pore of nonconducting Slo2.1 channels. 

Ala scanning mutagenesis of the S6 segment identifies 
key residues involved in Slo2.1 channel activation 

Our findings suggest that similar to Slol channels (Chen 
and Aldrich, 2011; Thompson and Begenisich, 2012), the 
S6 bundle crossing does not serve as the primary barrier 
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Figure 2. Molecvilar determinants for vera- 
pamil block of Slo2.1 channels. (A) Amino 
acid sequence alignment of the pore region 
of Slo2.1 with other channels. Sequence 
alignment begins with pore helix (PH) fol- 
lowed by the selectivity filter (SF) and S6 seg- 
ment. Ser241, Thr242, and residues in S6 of 
human Slo2.I that were mutated to Ala are 
underlined. Mutation of colored residues to 
Ala caused gain of function (green) or loss of 
function (blue). P475 in Shaker and E92 in 
MthK channel are colored red. (B) Bar graph 
summarizing relative block of /sioz.i (Iverapamii/ 
Icontroi) by 15 pM verapamil for WT channels 
and channels with indicated point mutation. 
The broken horizontal line indicates lyerapamii/ 
Icontroi value for WT channels. Currents were 
activated by 1 mM NFA and elicited with 
300-ms pulses to 0 mV. Error bars indicate 
mean ± SEM. (C) Homology model of Slo2.1 
pore domain viewed from cytoplasmic side 
and showing side chains of Ser241 (yellow), 
Val268 (magenta), and Phe274 (cyan). (D) Con- 
centration-dependent block of WT Slo2.1 
channel cuiTents by verapamil. /sio2.i activated 
by 1 mM NFA in the absence (control) and 
presence of indicated [verapamil] . Pulses were 
applied to 0 mV for 300 ms. (E) [Verapamil]- 
response curve for WT and mutant Slo2. 1 chan- 
nels. The IC50 was 14.5 ± 0.6 pM (uh = 1.5 ± 
0.1; M = 7) for WT channels, 58.7 ± 9.4 pM 
(hh = 1.1 ± 0.2, M = 6) for F274T channels 
activated by 1 mM NFA (red circles), 53.0 ± 
2.4 pM (hh = 1.0 ± 0.06, n = 4) for constitu- 
tively active F274T channels (blue triangles), 
and 4.6 ± 2.3 pM (nn = 1.4 ± 0.5, n = 4) for 
V268A channels (teal circles). Error bars indi- 
cate mean ± SEM. 
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to ion permeation (i.e., an activation gate) for Slo2.1 
channels. While apparently not forming a barrier to 
ion permeation, the S6 segments of Slol undergo dy- 
namic rearrangement during channel opening and clos- 
ing (Chen and Aldrich, 2011) to allosterically couple the 
binding of intracellular Ca^* (to the C-terminal domain) 
to the selectivity filter. According to this model, the se- 
lectivity filter functions as the primary activation gate. To 
investigate whether the S6 might also be intimately in- 
volved in the gating of Slo2.1, Ala scanning mutagenesis 
of the S6 segment, from Thr252 to Arg284 (Fig. 2 A) , was 
performed to identify residues crucial for normal chan- 
nel function. The three native Ala residues located in this 
region of S6 were mutated to Cys. Oocytes were injected 
with 0.2-2 ng cRNA and recorded 1-3 d later to achieve 
comparable levels of expression for all mutant chan- 
nels. The peak magnitudes of /sio2.i activated by a pulse to 
0 mV in the presence of 1 and 6 mM NFA are summarized 
in Fig. 3 A for each mutant channel. When mutated to 
Ala, five residues in S6 (Lys256, Ile263, Pro271, Gln273, 
and Glu275) caused loss of channel function; i.e., cur- 
rents induced by 6 mM NFA in mutant cRNA-injected 
oocytes were not discernible from currents recorded 
from uninjected oocytes. However, very weak functional 
expression of K256A, I263A, and Q273ASlo2.1 chan- 
nels was achieved 3-4 d after oocytes were injected with 
large amounts (10 ng) of cRNA and activated with NFA 
(Fig. 3 B). Slo2.1 channels can also be activated by load- 
ing of cells with NaCl by diffusion from standard (not 
agarose tipped) recording pipettes filled with 2.4 M NaCl. 
Activation of /sios.i by intracellular NaCl loading in a sin- 
gle oocyte is shown in Fig. 4 A. A comparison of current 
magnitude induced by intracellular NaCl loading as a 
function of time for uninjected oocytes and those ex- 
pressing WT Slo2.1 channels is shown in Fig. 4 B. Oocytes 
injected with cRNAfor K256A, I263A, and Q273A Slo2.1 
channels were also activated by intracellular NaCl load- 
ing, but the mutant channel currents were '^5-1 5-fold 
smaller than WT channel currents (Fig. 4 C). Neither 
NFA (Fig. 3 B) nor NaCl loading (Fig. 4 D) were able to 
activate currents in oocytes injected with 10 ng of cRNA 
encoding P271A (or P271G, not depicted) or E275A 
Slo2.1 channels. 

The cell surface expression of poorly expressing and 
nonfunctional S6 mutant channels was assayed by West- 
ern blotting (Fig. 5). To certify the relative purity of the 
biotinylated membrane preparation, gels loaded with 
this membrane fraction (Fig. 5 A) or the cytoplasmic 
fraction (Fig. 5 B) were probed with antibodies directed 
toward Na^/K* ATPase (a plasma membrane marker) 
and GAPDH (a cytoplasmic marker). The strong label- 
ing of ATPase in the membrane fraction, but not in 
the cytoplasmic fraction, and the opposite pattern for 
GAPDH indicates that the plasma membrane fraction 
was adequately isolated. Based on densitometry analysis, 
oocytes injected with 10 ng WT Slo2.1 cRNA resulted in 



a surface protein expression that was 1.5-fold greater 
than for oocytes injected with 1 ng cRNA (Fig. 5 A, top) , 
which indicates that 3 d after injection, 1 ng cRNA was 
sufficient to nearly saturate expression/ trafficking of 
Slo2.1 channels to the cell membrane. The surface ex- 
pression of K256A, I263A, Q273A, and E275A channel 
proteins were noticeably reduced compared with WT 
channels (Fig. 5 A, top) . The relative surface expres- 
sion of mutant Slo2.1 proteins (normalized to Na* pump 
protein) was estimated by comparison to WT Slo2.1 
(10 ng cRNA) in Fig. 5 C. Surface expression of K256A, 
Q273A, and E275A mutant proteins was approximately 
fivefold less than WT protein. I263A protein expres- 
sion was reduced '^20-fold. The P271A protein expres- 
sion level was equivalent to WT protein, despite the total 
absence of measurable current in oocytes. Fig. 5 C also 
compares the magnitude of mutant channel currents 
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Figure 3. Mutagenesis scan of S6 segment identifies residues 
important for normal Slo2.1 channel gating. (A) .S3 consecutive 
residues (Thr252 to Arg284) located in the S6 segment were indi- 
vidually mutated to Ala (native Ala residues were mutated to Cys), 
and the effect of 1 and 6 mM NFA on /sio2.i was quantified at a test 
potential of 0 mV. Oocytes were injected with 0.2-2 ng cRNA and 
recorded 1-3 d later ( n = 4-6) . Five mutations (K256A, I263A, P271 A, 
Q273A, and E275A) caused complete loss of channel function 
(indicated by the asterisks). (B) Plot of peak currents measured at 
0 mV in the absence (black boxes) and presence of 1 mM NFA 
(red circles) and 6 mM NFA (blue triangles) for the five loss-of- 
function mutant channels. Mutant channel currents measured in 
presence of 6 mM NFA were corrected by subtraction of the mean 
value for endogenous currents activated by 6 NFA in uninjected 
oocytes. Oocytes were injected with 10 ng of cRNA and incubated 
for 3-4 d (ra = 6-10). The right panel shows the same data plotted 
on an expanded y axis. Error bars indicate mean ± SEM. 
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activated by either NFA or internal NaCl loading, nor- 
malized to WT currents. This analysis revealed that the 
reduction in current magnitude of K256A, I263A, and 
Q273A mutant channels can be largely accounted for 
by the reduction in surface protein, presumably a con- 
sequence of protein misfolding. In contrast, the complete 
loss of fimction (absence of currents) observed for E2'75A 
mutant channels can only partially be explained by a 
disruption in protein trafficking. Together these find- 
ings suggest that P271A and E275A mutations prevent 
channel opening. 

Glu275 prevents formation of the S6 bundle crossing 
Based on sequence alignment (Fig. 2 A), Glu275 is in a 
position homologous to key S6 residues of Kv channels 
that when mutated to an acidic residue (e.g., P475D in 
Shaker B channels; Hackos et al., 2002) induce voltage- 
independent, constitutive channel opening. Conversely, 
neutralization of the acidic residue Glu92 in the equiva- 
lent position of the inner helix of MthK bacterial chan- 
nels induces channel closure (Parfenova et al., 2006). 
By analogy, Glu275 might prevent formation of a tight 
S6 bundle crossing in Slo2.1 channels. To test this idea, 
Glu275 was substituted with several other amino acids 



to determine if there wais a correlation between physico- 
chemical features (charge, hydrophobicity, etc.) of the 
introduced residue and the ability of the resulting mu- 
tant channel to be activated by NFA. To maximize re- 
sponses, currents activated in response to 1 and 6 mM 
NFA were recorded from oocytes 2 d after injection with 
10 ng Slo2.1 cRNA. Mutation of Glu275 to other hydro- 
phobic residues (Gly, Val, Phe, Trp) or polar residues (Ser, 
Cys) caused complete loss of function. Channel func- 
tion was retained when Glu275 was mutated to highly 
polar (Gin, Asn) or basic (Arg, Lys) residues, although 
currents were reduced in magnitude or required higher 
concentrations of NFA for activation. E275H channel 
currents were very small and not clearly discernible from 
background currents. These findings are summarized 
in Fig. 6 where current magnitudes at 0 mV are plotted 
cis a function of hydrophobicity for the amino acids sub- 
stituted for Glu275. For this plot, the GES (Goldman, 
Engelman, Steitz) hydrophobicity scale was used eis it is 
based on energetic considerations of residues in an a-hebx 
derived from experimental data (Engelman et al., 1986). 
Functional channel activity was measurable only when 
Glu275 was substituted with a residue with a AAG value 
for water-membrane free energy transfer <— 3 kcal/mol. 
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Figure 4. Intracellular NaCl loading of oocytes 
activates a robust /sio2.i in oocytes expressing WT 
Slo2.1, but not in oocytes expressing S6 mutant 
channels that did not respond to NFA treatment. 
(A) Time course of /sio2.i activation induced by 
leakage of NaCl from recording pipettes in a single 
oocyte injected with 10 ng WT Slo2.I cRNA. Cur- 
rents were elicited with 300-ms pulses applied to 
0 mV every 10 s for a total of 5 min, 40 s. The first 
current (smallest amplitude) was recorded imme- 
diately after impalement of the oocyte. The arrow 
on left indicates 0 current level. (B) Mean time 
course of /sioz i activation induced by intracellular 
NaCl loading for cells recorded 3 d after injection 
with 10 ng WT Slo2.1 cRNA (n = 12) compared 
with uninjected cells (ra = 12) from the same batch 
of oocytes. Currents were measured at the end of 
300-ms pulses applied to 0 mV eveiy 10 s. (C) NaCl 
loading activates small currents in oocytes express- 
ing K256A, I263A, and Q273A mutant channels. 
The right panel shows data with an expanded y axis. 
(D) P271A and E2'75A mutant channels are not 
activated by NaCl loading. The right panel shows 
data with an expanded y axis. Error bars indicate 
mean ± SEM. 
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In other words, opening of Slo2.1 channels only occurred 
if residue 275 in the S6 segment was a highly polar or 
charged residue. 

The most highly conserved mutation of Glu275, 
E275D, induced a gain of function. Large currents were 
observed in oocytes injected with 1 ng E275D cRNA in the 
absence of ligand-mediated activation (Fig. 7, A and B) . 
This finding is in contrast to WT channels, where /sio2.i 
was not detectable in oocytes injected with the same 
amount of cRNA unless activated by NFA. The proper- 
ties of E275D channel currents in the absence of NFA 
were similar in many ways to WT channel currents ac- 
tivated by 1 mM NFA (Dai et al., 2010). First, similar to 
WT Slo2.1 (Dai et al., 2010), the magnitude of outward 
E275D /sio2.i was decreased when [K^] e was elevated from 
2 to 1 04 mM by more than that could be accounted for by 
the shift in E^, the equilibrium potential for (Fig- 7B) . 
Second, the weak voltage dependence of constitutive 
E275D channel activation (Fig. 7 C: V0.5 = 92.4 mV; 
z = 0.48 e) was the same as WT Slo2.1 channels partially 
activated with 1 mM NFA (Dai et al., 2010). Third, in 
response to membrane depolarization, E275D /sios.i was 
composed of instantaneous and time-dependent com- 
ponents. Over the voltage range from —20 to +80 mV, 
the relative amplitude of the instantaneous component 
was decreased from 0.77 to 0.55, whereas conversely the 
amplitude of the biphasic, time-dependent component 
of current were increased (Fig. 7 D). The time constant 
(t) for the fast component of time-dependent current 
was ^25 ms, 4-5 times faster than t for the slow com- 
ponent that ranged from 105 ms at —20 mV to 130 ms 
at +80 mV (Fig. 7 E). E275D Slo2.1 channels were not 
fully open and currents could be enhanced by NFA. 
The [NFA] -response relationship (Fig. 7 F) indicates 
that the constitutive activity of E275D channels (current 
in the absence of NFA) was equivalent to ^40% of the 
maximum activity achieved with NFA. By comparison, 
the constitutive activity of WT Slo2.1 channels in nonac- 
tivated oocytes was estimated to be '^0.5% of maximum 
(Dai et al., 2010). Moreover, E275D channels were more 
sensitive to NFA compared with WT channels. The EC50 
for NFA activation of E275D channels was 192 \iM, 1 1-fold 



Figure 5. Western blot analysis of oocytes expressing WT and S6 
mutant Slo2.1 channels. (A) Proteins in the biotinylated mem- 
brane fraction were separated by SDS-PAGE electrophoresis, and 
gels were blotted to detect FLAG-tagged Slo2.1. In the top panel, 
Slo2.1 monomer is represented by a 120-kD band, which is absent 
in uninjected oocytes. The 130-kD band in the top panel was de- 
tected in all lanes and represents nonspecific labeling by the an- 
tibody. For the top panel, lanes 1 and 2 were loaded with samples 
from oocytes injected with 10 and 1 ng WT FLAG-tagged Sto2.1 
cRNA, respectively. For all other panels, lanes 1 and 2 represent 
samples from oocytes injected with 1 and 10 ng WT FLAG-tagged 
Sto2.1 cRNA, respectively. Na*/K* ATPase (plasma membrane 
marker), but not GAPDH (cytosolic marker), was present in this 
fraction. (B) Western blots for Na*/K+ ATPase and GAPDH from 
the cytosolic fraction. (C) Comparison of relative surface protein 
expression and current magnitude for WT and S6 mutant Slo2.1 



channels. Western blots in A were quantified by densitometry 
using the area under the curve method of ImageJ software to 
correct for background noise, and the nonspecific 130-kD band 
observed in all lanes, including the uninjected oocytes lane. The 
ratio of FLAG-tagged Slo2. 1 Na*/K* ATPase band intensities from 
the same membrane fraction sample was determined for each 
lane. The relative band intensity of mutant Slo2.1 proteins (cyan 
bars) were calculated by normalization to the ratio determined 
for the sample of oocytes injected with 10 ng WT cRNA. Currents 
were measured at 0 mV after activation with either 1 mM NFA 
(4io2.iNFA, calculated from data plotted in Fig. 3 B) or by intracel- 
lular loading with NaCl (/sio2.iNa, calculated from data plotted in 
Fig. 4, CandD). 
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lower than the EC50 (2.1 mM) for WT channels (Dai 
et al., 2010; Garg and Sanguinetti, 2012). The effects of 
a maximally effective concentration of NFA (3 mM) on 
the kinetics and magnitude of E275D channels (Fig. 7, 
G-I) were nearly the same as that achieved by loading 
oocytes with NaCl via the pipette solution (Fig. 7, J-L) . 
The maximal increase in current at 0 mV (^2. 5-fold) 
was the same, and currents became instantaneous at all 
test potentials, which suggests that both interventions 
resulted in maximal channel activation. Constitutively 
active E275D channels should prove useful for charac- 
terizing the biophysical properties of Slo2.1 channels in 
the absence of an activating ligand. 

The finding that channel opening requires the pres- 
ence of Glu or another very hydrophilic amino acid at 
position 275 in S6 suggests that the side chain of this resi- 
due faces toward the water-filled central cavity. Glu275 
residues could prevent formation of a bundle cross- 
ing, either by intersubunit electrostatic repulsion or by 
maintaining the S6 segments in a configuration incom- 
patible with formation of a tight bundle crossing. Evi- 
dendy, when Glu275 is substituted with a hydrophobic 
residue, the mutant channel assumes a permanently 
closed state that resists activation by extracellular NFA 
or elevated [NaClJi. To determine whether Glu275 is 
uniquely positioned to prevent formation of a tight bun- 
dle crossing, we determined if the fimction of E275A 
channels could be recovered by introducing a Glu resi- 
due into a different, nearby position of the S6 a-helix. 
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Figure 6. Slo2.1 channels with hydrophobic substitutions of 
Glu275 are nonfunctional. The peak magnitude of currents re- 
corded at the end of 0.3-s pulses to 0 mV in response to 1 and 
6 mM NFA are plotted as a function of the GES hydrophobic- 
ity scale value for free energy transfer from water to membrane 
(Engelman et al., 1986) for the indicated Glu275 substitution (in 
single letter code). WT channels are indicated as "E." /sioz.i for 
E27.5D channels ("D") represents constitutive activity (no NFA) 
in oocytes injected with 1 ng cRNA and recorded after .S d (n=5). 
Currents in WT channels and for all other mutant channels were 
measured in oocytes 2 d after injection with 10 ng oi Slo2.1 cRNA 
(for WT channels, n = 10; for mutant channels, « = 5) . Error bars 
indicate mean ± SEM. 



As shown in Fig. 8 (A-C) , rescue of E275A channels 
was achieved by mutation of Ala278 to Glu (or Arg) or 
Tyr279 to Glu. However, substitution of Gln276, Leu277, 
or Leu280 did not rescue channel function (Fig. 8, 
D-F) . A helical wheel plot of S6 residues predicts that 
Ala278 and Tyr279 are located near the same half of the 
a-helix as Glu275, whereas Gln276, Leu277, or Leu280 
are located on the opposite half (Fig. 8 G). The MthK- 
based homology model of the Slo2.1 pore domain pre- 
dicts that Glu275, Ala278, and Tyr279 face the central 
cavity (Fig. 8 H), whereas Gln276, Leu277, and Leu280 
do not (Fig. 8 I). We conclude that appropriately posi- 
tioned Glu residues in S6 prevent the S6 segments from 
forming a tight bundle crossing and that, therefore, an- 
other region of the channel must be responsible for 
gating ion permeation. We next explored the possi- 
bility that the selectivity filter acts as the primary barrier 
to ion permeation (i.e., serves as the activation gate) in 
Slo2.1 channels. 

Intrasubunit coupling between S5, S6, and the pore helix 
alters activation state of Slo2.1 

The homology model of the Slo2.1 pore domain was 
used to predict potential intrasubunit interactions be- 
tween the S6 segment and the pore helix (Fig. 9 A) . The 
model predicts interaction between four residues in 
the pore helix (Phe235, Cys236, Thr239, and Phe240) 
and four residues in S6 (Val259, Met262, Ile263, and 
Ala266). We first considered the S6 residues. As sum- 
marized in Figs. 3 and 9 B, substitution of Val259 with 
Ala had no obvious functional effects, whereas I263A 
channels exhibited increased sensitivity to NFA and loss 
of function that can be attributed to a decrease in traf- 
ficking of mutant protein to the cell surface (Fig. 5) . 
To determine if mutation of Met262 and Ala266 also 
increased sensitivity to NFA, concentration-response 
relationships were determined for M262A and A266G. 
A266C channels were already determined to have no 
functional effect (Fig. 3 A); therefore, A266G was cho- 
sen for analysis because Gly has a smaller side chain 
volume and can also produce a bend in the a-helical 
structure. Although the model does not predict that 
Phe258 interacts with the pore helix, we also included 
F258A channels for further analysis because this mutant 
channel appeared to be more sensitive to NFA (Fig. 3 A) . 
All three mutations (F258A, M262A, and A266G) in- 
duced a gain of channel function, defined as consti- 
tutive activity in the absence of NFA and enhanced 
sensitivity to NFA (Fig. 9, B-E) as indicated by leftward 
shifts in the [NFA]-response relationships (Fig. 9 F). 
The relative magnitude of constitutive current for mu- 
tant channels (/c-rei) was defined as peak /sios.i (at 0 mV) 
in the absence of NFA divided by /sio2.i after maximal 
activation by NFA. was 0.34 for F258A, 0.12 for 
A266G, and 0.04 for M262A channels (Fig. 9 F). All 
three mutations reduce side chain volumes compared 



532 Slo2.1 channel gating 




Vt (mV) 






Figure 7. A highly conserved mutation in S6, £2750, enhances channel opening probability. (A) Currents recorded from an oocyte 
expressing E275D Slo2.1 channels without NFA treatment. (B) /-Vt relationship for E275D Slo2.1 channels with [K*]eOf2and 104 mM 
(1 ng cRNA/oocyte; 2 d expression; n= 8). (C) G-V relationship for E275D channels calculated from /sioa.i recorded from oocytes 
bathed in K104 solution (re = 4). Data were fitted with a Boltzmann function (smooth curve) to estimate V0.5 (92.4 ±1.4 mV), z (0.48 ± 
0.01 e), and minimum G/G^^ (0.14). (D) Relative amplitudes of instantaneous (Ai„s,), and the fast (Afa,,) and slow (A^i^J time-depen- 
dent components of E275D /sio2.i- (E) Time constants for activation of £2750 /s}o2.i- For D and E, oocytes were injected with 1 ng cRNA 
and recorded 2 d later (n= 11). (F) [NFA]-response relatiomhip for E27.5D Slo2.1 channels. Data were fitted with a logistic equation 
(smooth curve) to calculate EC50 (192 ± 25 pM) and Uh (1.08 ± 0.09, re = 10). (G and H) E275D /goj i recorded in the same oocyte 
under control conditions (G) and after further activation by 3 mM NFA (H). Vh was —90 mV and pulses were applied in 20-mV steps 
to a Vt that ranged from +80 to — 140 mV. (I) Mean /-Vt relationships for oocytes expressing E275D Slo2. 1 channels ( 1 d after injection 
with 0.5 ng cRNA) under control conditions and after treatment with .3 mM NFA ( n = 5) . (J and K) E275D /sio2.i recorded in the same 
oocyte under control conditions (J) and after further activation by intracellular loading with NaCl (K) . Vh was —90 mV and pulses were 
applied in 20-mV steps to a Vt that ranged from +80 to —140 mV. (L) Mean /-Vt relationships for oocytes expressing E275D Slo2.1 chan- 
nels (re =11) under control conditions (1 d after injection with 0.4 ng cRNA) and after NaCl loading (NaCl), and uninjected oocytes 
(re = 5) before (control) and after NaCl loading (NaCl). Error bars indicate mean ± SEM. 
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with the native S6 residue and, thus, would be expected of these mutations on channel gating are rather modest, 
to reduce the overall intrasubunit interaction between it is not clear if any of these three residues are directly 
S6 and the pore helix. However, as the functional impact involved in gating of Slo2.1 channels. 
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Figure 8. Intragenic rescue of nonfunctional E275A Slo2.1 was achieved by introducing a charged residue one helical turn away in 
the S6 segment. Mean /-Vt relationships recorded before (control) and after treatment of oocytes with NFA for E2'75A/A2'78E channels 
(A; re = 5; 5 ng cRNA injected, currents recorded after 4 d), E275A/A2'78R channels (B; rt = 8; 1 ng cRNA injected, currents recorded 
after 2 d), and E27.5AA'279E channels (C; re = 6; 10 ng cRNA injected, currents recorded after 4 d). (D-F) E275A/Q276E channels 
(D), E27.5A/L277E channels (E), and E275A/L280E channels (F). For D-F: re = 6; 10 ng cRNA injected, currents recorded after 5 d. 
Error bars indicate mean ± SEM. (G) Helical wheel plot of S6 segment of Slo2.1 from Pro271 to Arg284. The arrow points to Glu275, 
R indicates the two residues that when mutated to Glu rescued E27.5A channel function, and NR indicates the three residues that when 
mutated to Glu did not rescue E27.5A channel function. A wheel plot was made using the Wheel.pl program written by D. Armstrong 
and R. Zidovetzki (http:/ /rzlab.ucr.edu/scripts/wheel/wheel.cgi). Residues are shape- and color-coded to indicate physical properties 
as follows; circles, uncharged hydrophilic (proportional to the intensity of red color) ; diamonds, hydrophobic (proportional to the 
intensity of green color); triangles, acidic; pentagon, basic. (H and I) MthK-based model of the Slo2.1 pore domain (S.5-PH-S6) viewed 
from the intracellular side. Key residues are labeled for one subunit in each panel. Mutation of Ala278 or Tyr279 (H) to Glu rescued 
function of E275A channels. Mutation of Gln276, Leu277, or Leu280 (I) did not rescue E275A channels. 
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We next mutated to Ala the four pore helix residues 
(Phe235, Cys236, Thr239, Phe240) predicted to interact 
with S6 within the same subunit (Fig. 9 A) . F235A chan- 
nels were nonfunctional (Fig. 9 B) , perhaps because this 
mutation disrupted the network of interacting aromatic 
residues as described previously for KcsA channels 
(Doyle et al., 1998) . C236A channels exhibited a partial 
loss of function (insensitive to 1 mM NFA), and T239A 
channels responded to NFA similar to WT channels 
(Fig. 9 B). Mutation of Phe240, located at the base of 
the pore helix, yielded the most interesting functional 
effect. F240A channels exhibited considerable consti- 
tutive activity (Ic-rei = 0.35) and were more sensitive to 
NFA (Fig. 9 B). The role of Phe240 in channel gating 
was further investigated by additional mutations of this 
residue. Mutations induced a variable amount of consti- 
tutive channel activity (Fig. 10 A). The most conserved 
mutation, F240Y, had no functional effect on channel 
gating, whereas with the exception of Trp, I^-rei increased 
as a function of hydrophilicity of the residue substituted 
for Phe240 (Fig. 10 B). Mutation of Phe240 to polar 



residues Cys or Thr decreased channel expression, but 
caused the most dramatic increase in constitutive chan- 
nel activity. The /c.rei of F240C and F240T mutant chan- 
nels Wcis 1.0; i.e., currents were time independent and not 
further activated by NFA. Two other polar residue sub- 
stitutions (F240N and F240S) yielded channels that ex- 
pressed very poorly, were less K^-selective (Erev = — 20 mV), 
and were not activated by NFA. Because expression was 
so poor, these two mutant channels were not further 
characterized. Further evidence that the F240C chan- 
nels were maximally activated was the finding that nei- 
ther external application of 1 mM NFA (Fig. IOC) nor 
intracellular loading of NaCl (Fig. 10 D) caused any fur- 
ther increase in /sio2.i over a wide voltage range, from 
— 140 to +60 mV. In contrast, when [K^]e was elevated 
to 104 mM, F240C channels were further activated by 
1 mM NFA (Fig. IOC). We previously reported the same 
[K^] e-dependence of channel activity for constitutively 
active R190E Slo2.1 channels (Dai et al., 2010). Thus, 
Phe240 is a key structural determinant of Slo2.1 chan- 
nel gating. 
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Figure 9. Point mutation of S6 resi- 
dues tliat face the pore helix exhibit 
enhanced sensitivity to NFA. (A) Ho- 
mology model of pore helix and S6 seg- 
ment of one Slo2.1 subunit highlighting 
potential residue interactions. (B) Peak 
outward currents measured at 0 mV in 
the absence (control) and presence of 
1 and 6 mM NFA for channels with point 
mutations of the native residues in the 
pore helix (PH) or S6 highlighted in A 
(n = 5-7). (C-E) /sioz.i recorded from 
oocytes expressing M262A, F258A, and 
A266G Slo2.1 channels before (con- 
trol) and after treatment with 0.1 and 
1 mM NFA. Arrows indicate 0 current 
level. (F) [NFA] -response relationships 
for WT and gain-of-function S6 mutant 
channels. Data were fitted with a logistic 
equation (smooth curve). For WT (m = 9), 
EC50 = 2.1 ± 0.1 mM, Hh = 2.4 ± 0.06; for 
F258A (re = 7): EC30 = 0.4 ± 0.05 mM, 
Uh = 1 .2 ± 0.08; for M262A ( n = 6) , EC50 
= 0.66 ± O.U mM, uh = 1.4 ± 0.06; for 
A266G {11 = 5), EC50 = 0.38 ± 0.03 mM, 
Hh = 1.2 ± 0.03. Error bars indicate 
mean ± SEM. 
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In addition to the potential interactions between the 
pore hehx and S6 segment highlighted in Fig. 9 A, 
the Slo2.1 homology model also predicts potential in- 
teraction between Phe240 and three residues in the 
S5 segment (Fig. 11 A). In the model, specific atoms 
of Leu209, Ile210, and Cys213 are located within <4 A 
of the Phe240 side chain. The S5 residues were mu- 
tated to Ala and their response to 1 and 6 mM NFA 
was evaluated. I210A and C213A Slo2.1 channels were 
similar to WT channels, exhibiting no constitutive ac- 
tivity and an [NFA] -dependent increase in current at 
0 mV (Fig. 11 B). L209A channels exhibited constitu- 
tive activity (/c-rei = 0.26) and were more sensitive to NFA 
(Fig. 11 B). We hypothesized that if a hydrophobic in- 
teraction between Leu209 and Phe240 stabilizes the 
closed state of the channel, then mutating Leu209 to a 
polar residue would increase open probability, similar 
to the effect of mutating Phe240 to more polar resi- 
dues. Indeed, L209T Slo2.1 channels had more consti- 
tutive activity than L209A channels. The /c-rei for L209T 
was 0.61, threefold greater than L209A, and the EC50 
for NFA was 106 pM (Fig. 11 C), 20-fold more NFA 
sensitive than WT Slo2.1. Similar to F240C (Fig. IOC), 
elevation of [K^]e from 2 to 104 mM caused a paral- 
lel shift in the /-Vt relationship for L209T channels. 
Thus, unlike WT (Dai etal., 2010) and E275D (Fig. 7 E) 
Slo2.1 channels, the conductance of L209T channels was 
not reduced by elevated [K^]e- Finally, the increase in 
7sio2.i of L209T channels induced by 1 mM NFA (Fig. 
11 E) , a maximally effective concentration, matched 



the increase in /sioa.i induced by loading cells with 
NaCl (Fig. 11 F). 

Together the findings presented in Figs. 9-1 1 suggest, 
albeit somewhat indirectly, that the S6 segment and spe- 
cific residues in the S5 (Phe240) and the pore helices 
(Leu209) form an interacting network that modulates 
the open probability of Slo2.1 channels. Close proximity 
to these key residues to the selectivity filter implicates it 
as the most likely structural element that serves as the 
primary activation gate. 

Intragenic rescue of P271 A and E275A Slo2.1 channels 

Mutation of Pro271 or Glu275 in the S6 segment can 
cause complete loss of channel function. We attempted 
to rescue the function of P271A and E275A channels 
by introducing a second site mutation that by itself can 
induce a significant gain of function. Four second-site 
mutations were analyzed, including R190E (Dai et al., 
2010) and A278R (Garg and Sanguinetti, 2012), de- 
scribed previously, and F240C and E275D. The charge- 
reversing mutation R190E located in the S4/S5 linker 
near the end of the S4 segment of Slo2.1 induces con- 
stitutive channel activity that is not further enhanced by 
NFA (i.e., /c-rei = 1; Dai et al., 2010), whereas the S6 mu- 
tations E275D and A278R (Garg and Sanguinetti, 2012) 
induce submaximal increases in /c.iei and are more 
sensitive to further activation by NFA as compared with 
WT channels. 

We first determined if any of the four gain-of-func- 
tion mutations could rescue the function of P271A 
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Figure 10. Substitutions of the pore 
helix residue Phe240 induce a spectrum 
of constitutive channel activity. (A) NFA 
further activates F240L and F240V chan- 
nels, but not F240C channel currents. 
Currents were elicited with 300-ms pulses 
to 0 mV from a Vh of — 80 mV. Arrows in- 
dicate 0 current level. (B) Relationship 
between constitutive channel activity of 
Phe240 mutant channels and hydrophi- 
licity of the introduced residue (indi- 
cated by single letter code), /c.rei for WT 
("F") and mutant channels (re =4-12) are 
plotted as a function of solvent parameter 
(hydrophilicity) values (Levitt, 1976) for 
the indicated Phe240 substitution. The 
line represents a linear regression fit of 
data (adjusted R^ = 0.41). (C) /-V, rela- 
tionships for F240C Slo2.1 channel cur- 
rents measured from oocytes bathed in 
KCM21 1 or K104 extracellular solution in 
the absence and presence of 1 mM NFA 
(re = 6) . (D) /-Vt relationships for WT and 
F240C Slo2.1 channel currents recorded 
before and after maximal increase in out- 
ward currents induced by NaCl loading 
from recording pipettes (ra = 9). Error 
bars indicate mean ± SEM. 
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mutant channels. For these experiments, oocytes were 
injected with 10 ng of WT or mutant channel cRNA, 
and the /-Vt relationships in the absence and presence 
of 1 and 6 mM NFA were determined 3-4 d later. WT 
Slo2.1 channel currents were very small in the absence 
of NFA, increased dramatically with 1 mM NFA (Fig. 
12 A), and were too large to be accurately measured 
at a Vt > 0 mV in oocytes treated with 6 mM NFA. En- 
dogenous currents in uninjected oocytes were reduced 
by 1 mM NFA and increased by 6 mM NFA (Fig. 12 B) . 
P271A channels were rescued by the second site muta- 
tions E275D (Fig. 12 C) and R190E (Fig. 12 D), but not 
by F240C (Fig. 12 E) or A278R (Fig. 12 F). E275A chan- 
nels were rescued by A278R (Fig. 8 B) , but not by R190E 
(Fig. 12 G) or F240C (Fig. 12 H). If F240C induces 
constitutive channel activity by stabilizing the selectivity 
filter gate in an open state, its failure to rescue the func- 
tion of P271A or E275A channels implies that these later 
mutations prevent channel opening by inducing closure 
elsewhere in the ion conduction pathway. Given the 



location of Pro271 and Glu275, we suggest that channel 
closure results from an Ala substitution-induced forma- 
tion of an S6 bundle crossing. 

DISCUSSION 

The findings presented here suggest that the structural 
basis of ion permeation gating in Slo2.1 channels 
differs from typical Kv channels. As summarized in the 
diagrams presented in Fig. 13, activation of Kv channels 
in response to membrane depolarization is mediated 
initially by outward displacement of the S4 segments 
followed by opening of the activation gate (splaying of 
the inner S6 segments away from the central cavity). 
In Slo2.1 channels, the S6 segments do not form a bun- 
dle crossing and the S4 segment is not displaced in re- 
sponse to voltage. Instead, the selectivity filter serves as 
the activation gate that is opened by an allosteric cou- 
pling mechanism initiated by intracellular Na^ binding 
to the C termini. 
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Figure 1 1 . Mutation analysis of three resi- 
dues in the S5 segment predicted to form 
intrasubunit interactions with the pore 
helix of Slo2.1. (A) MthK-based homology 
model of a single Slo2.1 subunit highlight- 
ing Phe240 in the pore helix (PH) and 
three potential interacting residues in the 
S5 segment. (B) Peak outward /sioz.i mea- 
sured at 0 mV in the absence (control) and 
presence of 1 and 6 mM NFA for mutant 
channels with indicated point mutations 
in S5 (n = 5-7). (C) [NFA] -response rela- 
tionship for L209T Slo2.1 channels. /sio2.i 
was measured at 0 mV and normalized to 
the peak current measured in the pres- 
ence of 3 mM NFA. Data were fitted with 
a logistic equation (smooth curve). EC30 = 
1Q6± 9 pM, Hh = 1..39 ± 0.12 (« = 6). 
(D) /-Vt relationships for L209T 

^sio2.i iri 

oocytes bathed in KCM211 and K104 so- 
lutions. (E) /-Vt relations for L209T /sioj.i 
before and after treatment with 1 mM NFA 
{n = 10). (F) /-Vt relationship for L209T 
/sio2.i before and after ind'acellular NaCl 
loading. For data presented in C-F, oocytes 
were injected with 0.7 ng cRNA and cur- 
rents were recorded 1 d later Error bars 
indicate mean ± SEM. 
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In a typical Kv channel, the intracellular ends of the 
S6 segments form an intracellular activation gate that 
can restrict access of cytoplasmic ions and drugs to the 
central cavity in a voltage-dependent manner. In the 
closed state, the aperture formed by the S6 bundle 
crossing is narrow and forms a steric and hydrophobic 
barrier to diffusion into or out of the central cavity. 
In Shaker, V478 residues in S6 are located at the nar- 
rowest region of the bundle crossing, and substitution 
with the larger Tip causes formation of a "hydropho- 
bic seal" (Armstrong, 2003) that strongly stabilizes the 
channel in a closed state (Kitaguchi et al., 2004). Only 
when the channel is in an open state can ions per- 
meate the channel or charged channel blockers (e.g., 
quaternary ammonium compounds) applied to the in- 
tracellular solution reach their binding site within the 
central cavity. The phenylalkylamines verapamil and 
D890 are potent state-dependent blockers of L-type 
Ca'^ channels and weak blockers of delayed rectifier 
and Slol channels (Catacuzzeno et al., 1999; Harper 
et al., 2001) . Scanning mutagenesis and functional anal- 
ysis have demonstrated that these compounds can only 
block Ca^^ channels (Hescheler et al., 1982) or hERGl 
channels (Zhang et al., 1999; Duan et al., 2007) that 
are in an open, ion-conducting state. Access of phe- 
nylalkylamines from the cytoplasm to the inner pore is 
prevented by the S6 bundle crossing when these chan- 
nels are in a closed state. Channel opening permits ac- 
cess and binding of drugs to specific residues in S6 that 
line the central cavity (Hockerman et al., 1995, 1997; 



Duan et al., 2007). Although verapamil is a low-potency 
blocker of Slo2. 1 , it also interacts with residues that line 
the central cavity of Slo2.1. However, in contrast to volt- 
age-dependent Ca^^ and Kv channels, block of Slo2.1 
was not restricted to the open conducting state of the 
channel. Block of Slol by large quaternary ammonium 
compounds is also state independent (Li and Aldrich, 
2004; Chen and Aldrich, 2011). Thus, although activa- 
tion of Slol is highly voltage dependent compared with 
Slo2.1, an S6 bundle crossing does not form an intracel- 
lular gate or physical barrier to bar entry of drug mole- 
cules from the cytoplasm into the central pore in either 
channel type. 

The voltage dependence of Slo2.1 channel activa- 
tion by 1 mM NFA has a midpoint of +95 mV and is 
only weakly dependent on voltage (effective valence, 
z = 0.48 e, Dai et al., 2010) , which is consistent with the 
paucity of basic residues in the voltage sensor domain. 
Each S4 segment of Slo2.1 has only two basic amino 
acids that are balanced by the same number of acidic 
residues. Neutralization of all four charged residues 
in S4 did not alter the G-V relationship of Slo2.1 (Dai 
et al., 2010) . Moreover, when maiximally activated by high 
NFA, Slo2.1 currents are time independent, and chan- 
nel activation is unaffected by transmembrane voltage 
(Dai et al., 2010). The relative unimportance of volt- 
age in regulation of Slo2.1 gating resembles CNG chan- 
nels and markedly differs from a typical Kv channel or 
even Slol channels that are strongly regulated by both 
[Ca^^li and voltage. However, many properties of Slo2.1 
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Figure 1 2. Screen of several gain-of-function point mutations for the ability to rescue P271A and E275A Slo2.1 channels. (A) Effect 
of 1 and 6 mM NFA on /-Vt relationships for oocytes expressing WT channels (n = 4). Oocytes were injected with 10 ng cRNA, and 
currents were recorded 2 d later. (B) /-Vt relationships for uninjected oocytes treated with NFA (ra = 9). 1 mM NFA had no effect, but 
6 mM NFA activated a relatively small endogenous current. (C-F) /-Vt relationships showing that E275D and R190E, but not F240C 
orA278R,can rescue P271A channel function (ra = 4-7). (GandH) /-Vt relationships showing that R190E (tc=7) and F240C (re=10) 
do not rescue E2V5A channels. For B-H, oocytes were injected with 10 ng cRNA, and currents were recorded after incubation for 
2 d (C) or 3-4 d (B and D-H). Error bars indicate mean ± SEM. 
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gating resemble both CNG and Slol channels, includ- 
ing: (1) the fact that the S6 bundle crossing does not 
impede the access of large cytoplasmic molecules to the 
central cavity in CNG (Contreras and Holmgren, 2006) 
or Slol (Wilkens and Aldrich, 2006); (2) that seemingly 
subde mutations of residues in S6 can have large effects 
on gating of Slol (Chen and Aldrich, 2011), and (3) 
that mutations in the pore helix (e.g., F240C in Slo2.1) 
can dramatically alter channel open probability of CNG 
channels (Contreras et al., 2008). Together these find- 
ings suggest that ligand binding to the C-terminal domain 
in Slol, Slo2.1, and CNG channels cause a movement 
(twist?) of the S6 segments that is allosterically coupled 
to changes in ion permeation mediated by the selectiv- 
ity filter, a structure located at the extracellular end of 
the ion conduction pathway. This is in contrast to Kv 
channels, where the S6 bundle crossing near the cyto- 
plasmic end of the channel forms the primary activation 
gate, whereas a conformational change in the selectivity 
filter can induce "C-type" inactivation (Ogielska et al., 
1995; Liuetal., 1996). 

P271A channels trafficked normally to the cell sur- 
face but caused complete loss of function and could not 
be rescued by F240C, a second site mutation that was 
shown to induce constitutive activity in WT channels. 
Pro residues cause local distortion of a-helical geom- 
etry, and would be predicted to induce a kink in the 
S6 segment (Piela et al., 1987). In Slo2.1, Pro27l may 
cause splaying of the S6 segments away from the axis of 
the central pore. Mutation of Glu275 to hydrophobic 
residues caused complete loss of channel function, pre- 
sumably by preventing ion permeation. Together with 
Pro27l, Glu275 residues may prevent formation of the 
bundle crossing in Slo2.1 channels. Apparently, Glu275 
is not uniquely positioned in S6 to serve this proposed 
role, as intragenic rescue of E275A was achieved by a 
second site mutation that introduced a charged residue 
into a position located one helical turn below Ala275 
(in the E275A channel). Gating of other channels 
is also influenced by an acidic residue in the equiva- 
lent position to Glu275 in Slo2.1. In the closed state of 
MthK, Glu92 is predicted to form the narrowest region 
of the inner helix (TM2) bundle crossing, and its posi- 
tion is equivalent to Glu275 of Slo2.1 (Fig. 2 A). E92D 
channels gate similar to WT channels, whereas neutral- 
ization of Glu92 (E92A/Q) stabilizes the closed state 
of the MthK channel (Parfenova et al., 2006) . In KcsA, 
Alal08 is located in TM2 at a position equivalent to 
Glu275 in Slo2.1. A108D KcsA channels have a higher 
open probability than WT KcsA, and the single chan- 
nel conductance of mutant channels is increased up 
to fourfold as intracellular pH is increased (Nimigean 
et al., 2003). Pro475 in Shaker is equivalent to Glu275 
in Slo2.1 (Fig. 2 A). P275D Shaker channels exhibit 
voltage-independent constitutive opening (Hackos etal., 
2002). Thus, a native Glu (Glu92 in MthK, Glu275 in 



Slo2.1) or introduced acidic residue (A108D in KcsA, 
P275D in Shaker) in the equivalent position of the inner 
helix (TM2 or S6) enhances open probability in mul- 
tiple K^-selective channels. Substitution of other pore- 
lining residues in S6 with an acidic residue also induce 
constitutive opening of Kv channels. For example, in most 
Kv channels, a conserved Ala residue is located near the 
midpoint of each S6 segment and marks the narrowest 
point of the central cavity (Jiang et al., 2002). Substitu- 
tion of this residue (Ala653) in hERGl channels with 
an acidic (Asp, Glu) or basic (Arg, Lys) amino acid sta- 
bilizes channels in a constitutively open state (Brown 



A Kv C Slo2.1 




Figure 13. Diagrams illustrating the major structural changes 
associated with activation gating in Kv compared with changes 
proposed for Slo2.1 channels. (A and B) Opening of Kv chan- 
nels requires a voltage-activated outward displacement of the S4 
segments and splaying of the inner S6 segments (activation gate) 
away from the central cavity. Each panel depicts the S4-S6 seg- 
ments of two diagonally positioned channel subunits. These seg- 
ments, the pore helices (PH), and the selectivity filter (SF) are 
labeled in B. In the S4 segments, "+" indicates a basic residue. 
(C and D) Model of Slo2.1 channel activation. The S6 segments 
do not form a bundle crossing, and the S4 segments, each with an 
equal number of basic (+) and acidic ( — ) residues, do not move 
in response to voltage. The selectivity filter serves as the activa- 
tion gate to control the transmembrane flux of K*. Mutation of 
Phe240 (yellow circles, located at the base of the pore helix) to 
Cys induces constitutive channel opening, which suggests a key, 
but mechanistically undefined role for this residue in selectivity 
filter-mediated gating. The kink in the S6 segment of SloS.l rep- 
resents the approximate position of Pro271 that is located four 
residues above Glu275 (red circles) . Together these residues are 
proposed to prevent formation of an S6 bundle crossing in Slo2.1. 
Finally, it is proposed that the selectivity filter gate is allosterically 
activated by a twisting of S6 segments (green arrows) in response 
to binding of cytoplasmic Na* to the C termini of Slo2.1 subunits. 
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et al., 2008). Together these findings indicate that ap- 
propriately positioned native or introduced acidic resi- 
dues within the inner helices can keep the inner bundle 
crossing gate in an open position in either voltage-gated 
or voltage-independent channels. In Kv channels, 
electrostatic repulsion between introduced acidic residues 
could cause the inner helices to splay apart and enlarge 
the bundle crossing aperture sufficiendy to maintain 
the channel in an open state regardless of the position 
of the voltage sensors. In some voltage-independent 
(e.g., MthK) orweakly voltage-dependent channels (e.g., 
Slo2.1), the presence of acidic residues in the inner helix 
presumably prevents formation of the bundle crossing, 
and gating of ion permeation is instead controlled by 
the selectivity filter. 

In Slol (BK) channels, the S6 bundle crossing under- 
goes a widening at the intracellular end of the channel 
pore upon activation, as indicated by gated access of the 
inactivation ball peptide (Li and Aldrich, 2006) . However, 
the bundle crossing does not appear to gate pore access 
of (Li and Aldrich, 2006) or quaternary ammonium 
compounds (Wilkens and Aldrich, 2006) in Slol chan- 
nels. Moreover, varying the protonation state of M314H 
in Slol caused profotmd changes in open probability, and 
M314D channels were stabilized in an open state (Chen 
and Aldrich, 2011). Substitution of Met314 with charged 
residues larger than Asp caused a less pronounced stabi- 
lization of the open state, perhaps due to electrostatic re- 
pulsion (Chen and Aldrich, 2011). Thus, subtle changes 
in S6 structure can markedly alter the open-closed chan- 
nel state equilibrium in Slol , similar to what we observed 
for the highly conserved E275D mutation in Slo2.1. The 
side groups of charged amino acids located in S6 prefer 
to be positioned in the hydrophilic environment of the 
pore and resist contact with the hydrophobic environ- 
ment away from the pore. As proposed for CNG (Johnson 
and Zagotta, 2001) and Slol (Zhou et al., 2011) channels, 
if the binding of intracellular Na* induces a twisting mo- 
tion of the C-linker and S6 segments, then perhaps the 
shorter side chain of Asp compared with Glu could result 
in the S6 segments being in a partially twisted position, 
intermediate between the resting (nonconducting) and 
fully open (conducting) state. 

In summary, we propose that the general gating mech- 
anism of Slo2.1 channels is similar to that previously 
described for CNG and Slol channels: ligand binding 
induces a dynamic rearrangement of the pore-lining S6 
segments that allosterically induces the opening of the 
extracellular selectivity filter gate to permit transmem- 
brane flux of in accordance with its electrochemi- 
cal gradient. 
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